e + e − → hA scattering is analyzed at one-loop order assuming top-quark and light stop dominance with complex trilinear coupling A t = |A t |e iγ A and the Higgsino mass parameter µ = |µ|e iγµ . The cross section is sensitive to these CP-violating phases when |A t | ∼ |µ|, and the neutron EDM requires roughly sin γ A ∼ cot β sin γ µ . For a reasonable range of parameters contribution of the CP-violating phases to the cross section is ∼
The MSSM has a multitude of unknown parameters, which make the empirical test of the model difficult. In addition to the supersymmetric Higgs mixing mass µ, there are soft supersymmetry-breaking gaugino masses M a , sfermion mass parameters m 2 f , Higgs mass parameters m 2 i , trilinear coupling parameters A f , Higgs mixing mass Bµ, and tan β. In principle, M a , µ, Bµ and A f can be complex; however, not all of these phases are physical [1] . Indeed, it is possible to rotate away the phases of M a , and by rephasing the associated Higgs doublet one can make Bµ real. Hence, two of these parameters, µ ≡ |µ|e iγµ and A f ≡ |A t |e γ A , remain complex [2] . Despite this, however, with real Bµ, the Higgs sector is spanned entirely by real parameters. In the case of the supergravity-inspired MSSM, there are just two independent physical phases, namely, the phases of µ and A at the Planck scale (See, for example, [2] and the EDM calculation in [3] ). In the general MSSM or non-minimal supergravity one may have more free phases. The basic property of these phases is that they violate the CP invariance, having thus nontrivial contributions to EDM of the particles [3] . Below we shall consider only two phases γ µ and γ A assuming that the parameters of the model follow from the minimal supergravity though we shall not attempt to relate these parameters to their SUGRA scale values.
As is well known [4] , when both µ and A f are real, the pseudoscalar A cannot have diagonal couplings to sfermions, that is, Af if * i type couplings are forbidden. However, when at least one of them is complex one has non-vanishing diagonal couplings of A to sfermions [5] . Therefore, for probing the phases of µ and A f it may be convenient to investigate the physical processes involving the pseudoscalar A coupled to sfermions. Among them, e + e − → hA is an important process not only for Higgs hunting but also for highlighting the phases of µ and A f . The latter one follows from the fact that the one-loop corrections [6] are dominated by the top quark, and light stop contributions if chiral mixings are large enough. The associated production of h and A is further important as it is one of the most important Higgs discovery channels at recently proposed TESLA [7] and the NLC [8] facilities. Due to their enhanced couplings, to a good approximation, only top quark and light stop contributions will be discussed below.
There are various mixing angles entering the discussion of e + e − → hA scattering. In the following generational mixings are neglected, however, chiral mixings among the stops are explicitly analyzed as they are crucial to the discussions that follow. The complex parameters A t and µ are buried into the stop mass-squared matrix which, in the basis (t L ,t R ), can be parametrized as
where
, and m 2 L,R are the soft mass-squareds oft L,R . The off-diagonal elements of the stop mass matrix depend only on A t , µ and tan β through the following expressions
Till the discussions at the end, the phases γ µ and γ A will be kept arbitrary, however, one notes that the cosmological limits on the gaugino masses and upper bounds on neutron and electron EDM's constrain γ µ as |γ µ | ≤ π/10 leaving, however, γ A completely free [2] . The mass-eigenstate stopst 1,2 and their masses can be obtained by the use of the diagonalyzing matrix
In terms of the chiral mixing angle θt masses-squareds oft 1,2 are given by
As is seen from (4), when the chiral mixings are small tan θt << 1 and m
approach just the upper (lower) diagonal elements of the stop mass matrix. In the opposite limit, that is, when the large chiral mixings are large, θt → π/4 whereby making m 2 t 1 (2) large negative (large positive). Of course negative m 2 t 1 necessarily cause color breaking so that this limit shold be avoided:
Actually the upper bound of tan θt is smaller than this since the light stop mass has presently the lower bound of 75 GeV, as follows from the negative searches at the LEP. However, a light enought 1 which may be taken as an indication of a relatively large chiral mixing can induce large radiative corrections perhaps even larger than that of the top quark. Now there remains the analysis of the mixings in the Higgs sector. e + e − → hA scattering has already been analyzed at one-loop level in [6] using on-shell renormalization scheme. Since the residues of the scalar propagators are not normalized to unity, entire amplitude gets multiplied by the wavefunction renormalization factor Z 1/2 h,A . In addition to this, h − H and A − G type mixings induce the mixing factors Z mix h,A . Apart from the external scalar lines, in the s channel Z as well as γ contributes. In addition to bare γ and Z contributions, loop-induced Z − Z, Z − γ, Z − A and Z − G type mixings do also arise. The effects of the radiative corrections associated with the Higgs external lines can be represented by a modification of the tree-level Higgs mixing angle and tan β. Indeed, after defining Z
≡ sin α h one observes that the entire effect of the h line corrections is to shift the classical Higgs mixing angle: α →α ≡ α + α h . In a similar manner the A line corrections can be shown to lead β →β ≡ β + β A , where
These one-loop angles,α andβ, modify the tree-level quantities preserving their form. For example, the tree-level hAZ coupling, 1/2G sin(β − α) becomes 1/2G sin(β −α), where
Radiative corrections are dominated by the top quark loops due to its rather large couplings to the Higgs particles. Besides this, however, whent 1 is light enough (necessarily chiral mixings are large) light stop contribution can become even larger than that of the top quark. Hence, out of all possible self-energy and vertex corrections to e + e − → hA scattering, the most important effects of the radiative corrections occur in scalar propagators and Z/γ vertices. For the purpose of this work the central concern is on the determination of the effects of the CP-violating phases that appear in the couplings of sfremions (here stops) and other particles. The lightest Higgs h, and Z couple to the light stop through
where (-i) is factored out, and the tensor structure of V Zt 1t1 is suppressed. The h -stop coupling has the form x + x * , where (x + x * )ht
1 is the term appearing in the MSSM Lagrangian [5] . As expected, however, coupling of A to stop has the form x − x * where
1 is the corresponding term in the Lagrangian. Therefore, contrary to h coupling, A coupling is expected to be odd in the CP-violating µ and A t phases:
where a factor of i is taken out. One notices that, while the coupling of h to the light stop is non-vanishing in the limit of real µ and A t [4] , that of A identically vanishes in the same limit. It is in this sense that the pseudoscalar-stop coupling is highly sensitive to the phases in the MSSM. Indeed, one-loop stop contributions to hAZ and hAγ vertices are proportional to
. [6] . The total cross section for e + e − → hA is given by
where λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2yz − 2xz is the usual phase space factor, c V = (−1 + 4s 2 W )/4s W c W and c A = −1/4s W c W . The formfactors F Z and F γ are given by
where V ′ denotes V /h t , and β ht = anglesα,β and scalar masses M h,H,A contain one-loop effects. Before studying these effects in detail, we list certain observations on the cross section (8) which become important for further refinements of the effects of the CP-violating phases.
• In addition to the scalar self-energies Σ hh,AA,hH,AG,... in the CP-conserving case [6] , for complex A t and/or µ there arises Σ hA,hG,... type CP-violating contributions as well. However, the scalar masses M h,H as well as effective mixing anglesα andβ depend on mixing type self-energies Σ hH,AG,hA,hG,HA,HG only at O(β 2 ht ) and such contributions can be neglected compared to Σ hh,HH,AA,GG whose contributions are of O(β ht ) [6] . Besides these one-loop effects in masses and mixing angles, the cross section (8) depends explicitely on the vertex formfactors.
• Knowledge of the complex parameters A t and µ are buried into the stop contributions to the form factors and self-energies. If |A t |, |µ| << m t , then V At 1t1 is necessarily small, and V ht 1t1 ∼ m 2 t /M Z . In this case top quark loop dominates the cross section and not only the phases of A t and µ but also their very existence will be hard to confirm by the collider search. This limiting case is decribed by the analysis of [6] where radiative corrections contribute by ∼ 5% when σ > ∼ 10 f b.
• If |A t |, |µ| are much larger than m t , modulo the cancellations that might occur due to the various mixings, stop contributions will be dominant in the radiative corrections. As discussed before, if |A * t − µ cot β| is large compared to the splitting between the diagonal elements of the stop mass-squared matrix, dominance of the stop contributions will be further guaranteed. Actually, for m 2 L ∼ m 2 R , splitting between the diagonal elements of the stop mass-squared matrix is O(M Z ) and for |A t |, |µ| >> m t top quark contribution can really be small compared to that of the stop. This limit is highly interesting for evidencing the existence of the phases γ µ,A as itemized below:
1. First of all couplings of the scalars to the light stop behave as
which depends only on A t , µ,α andβ. While A t , µ are tree-level input parameters, the effective mixing angles include the effects of radiative corrections.
2. There are three distinct pathways to the region of the MSSM parameter space under concern. First, |µ| itself may be large compared to |A t |, in which case the product of the vertices in (13) happens to depend mainly on γ t − γ µ . Second, |A t | may be large compared to |µ| for which (13) depends mainly on γ t + γ A . Third, |µ| and |A t | may be of comparable magnitude. As follows from (2), in these three distinct cases γ t equals, respectively, to ∼ γ µ , ∼ −γ A and ∼ (cot β sin γ µ − sin γ A )/(cot β sin γ µ + sin γ A ). Hence, one concludes that (13) has a significant dependence on the phases γ t and γ µ only in the third case in which none of |µ| and |A t | is much smaller than the other one. Consequently, one needs |µ| ∼ |A t | to get observable effects of the phases γ µ,A .
3. Cosmological limits on the gaugino masses and upper bound on the neutron and electron EDM's put the constraint |γ µ | < π/10 independent of the other parameters [2] . The same analysis puts, however, no constraint on γ A . Then there are two possibilities for γ A . If γ A is a non-negligable fraction of π, that is, |γ A | >> |γ µ |, from (2) it follows thatÃ t ∼ |A t ||1 − cot β| which may be too small to support the dominance of the stop contributions for cot β ∼ O(1). Alternatively, if γ A ∼ γ µ , one hasÃ t ∼ |A t |(1 + cot β), yielding a result consistent with the assumption of dominating stop contributions. One concludes that unless cot β ∼ O(1), both cases of |γ A | >> |γ µ | and γ A ∼ γ µ are acceptable. To have further constraints on these phases it is convenient to discuss the implications of the neutron EDM (with gluino contribution [2, 3] )
In the region of the parameter space under concernÃ t /mt 1 could be rather large. Besides this, gluino mass itself may be large. Therefore sin γ t must be sufficiently small to fine-tune the neutron EDM to an acceptable level [10] . Hence, one has roughly
from (2). This relation looses its meaning when cot β is large, in fact, one needs | cot β sin γ µ | ≤ 1 for consistency. It is with |µ| ∼ |A t | and the above-mentioned relation that the phases show up in the cross section, and neutron EDM remains in the phenomenological bounds.
In the light of the observations listed above, we now numerically estimate the contributions of the CP-violating phases on the cross section (8). For extracting the effects of these phases it is convenient to introduce the relative improvement factor
where σ(γ µ,A = 0) is given in (8), σ(γ µ,A = 0) is obtained from (8) after letting phases vanish, and σ 0 is the tree-level cross section. R depends only on those quantities having no dependence on the CP-violating phases,in particular, it does not include the top quark contribution. The analysis of [6] gives σ(γ µ,A = 0)/σ 0 ∼ 5%. Thus, R measures further improvements in the cross section due to one-loop effects of non-vanishing phases compared to σ(γ µ,A = 0) [6] . Keeping terms O(β ht ), the total contribution of the scalar masses, effective mixing angles and vertex formfactors to the relative improvement factor turns out to be
In this expression, the first term follows from the expansion of effective mixing angles, the second from the scalar masses, and the third from the vertex formfactor F Z . Photon vertex form factor F γ is negligable to this order of approximation. It is clear that R vanishes when the CP-violating phases vanish.
Before starting a numerical evaluation of R (17) it is convenient to discuss its validity range. The expression of R in (17) is obtained by neglecting terms of O(β 2 ht ) and higher. For |A t | ∼ a TeV, R 0 ∼ 0.1, so that one has to keep terms in the curly brackets small for the approximation procedure be valid. In this sense, large |A t | does not imply a large R. Other than this, using the previous results implying |A t | ∼ |µ| and equation (15), one observes that the terms in the curly brackets in (17) has four free parameters tan β, M A , m
, and γ µ . Though the light stop mass is determined by (5), use of this formula does not bring a simplification in the treatment so it is convenient to regard m
as an independent parameter. For small and large tan β and M A ∼ M Z h − H mixing is known to be strong [6] ,and thus, the formula (17) looses its validity in such portions of the parameter space. Finally, the phase of the µ parameter is constrained as |γ µ | ≤ π/10 by [2] . Since smaller the |γ µ | smaller the R, to obtain the maximal contribution of the CP-violating phases it is convenient to consider maximum value of |γ µ |. Now we numerically analyse R (17) to predict the effects of the CP-violating phases for a reasonable set of parameters. To keep the parallelism with [6] we consider an e + e − collider at √ s = 500 GeV, such as the recently proposed TESLA collider [7] . We assume a lightt 1 ; m
2 Z , and take γ µ = π/10. We then perform a contour plot for R/R 0 in tan β − M A /M Z plane as shown in Fig.1 . In the range of tan β in Fig.1 (17) is dominant. The third term in (17), which is odd under γ µ,A ↔ −γ µ,A , gives generally small contributions such that R/R 0 is almost symmetric under γ µ ↔ −γ µ . For a given M A , as tan β takes large values each term in (17) saturates so that R/R 0 attains an approximately β independent limit. In the opposite limit, that is, for small tan β R/R 0 is more sensitive to
Hence, for R 0 ∼ 0.1 one gets a total improvement of ∼ (3 − 5)% in the results of [6] when the contributions of CP-violating phases are taken into account. Recalling that the cross section gets improved by ∼ 5% when the CP-violating phases vanish, including the contributions of CP-violating phases improvement becomes ∼ 10%.
In obtaining the above results we used fixed values of light stop mass and γ µ . Larger values of the stop mass can spoil the large |A t | limit used above, and smaller values may be unrealistic when confronted with the existing lower bound of 75 GeV. Other than this, when |γ µ | decreases so does R in an almost quadratic fashion. Therefore the parameter values used above can be thought of as optimal. The result of the work can be stated by saying that e + e − → hA cross section gets improved by ∼ (3 − 5)% when the contributions of the CP-violating phases are included. This occurs when the chiral mixings in the stop mass-squared matrix is large enough and neutron EDM remains in the phenomenological bounds.
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